1 2 A recently described symbiosis between the metabolically streamlined nitrogen-fixing cyanobacterium UCYN-A and a single-celled eukaryote prymnesiophyte alga is widely distributed throughout tropical and subtropical marine waters, and is thought to contribute significantly to nitrogen fixation in these regions. Several UCYN-A sublineages have been defined based on UCYN-A nitrogenase (nifH) sequences. Due to the low abundances of UCYN-A in the global oceans, currently existing molecular techniques are limited for detecting and quantifying these organisms. A targeted approach is needed to adequately characterize the diversity of this important marine cyanobacterium, and to advance understanding of its ecological importance. We present findings on the distribution of UCYN-A sublineages based on high throughput sequencing of UCYN-A nifH PCR amplicons from 78 samples distributed throughout many major oceanic provinces. These UCYN-A nifH fragments were used to define oligotypes, alternative taxonomic units defined by nucleotide positions with high variability. The dataset was dominated by a single oligotype associated with the UCYN-A1 sublineage, consistent with previous observations of relatively high abundances in tropical and subtropical regions. However, this analysis also revealed for the first time the widespread distribution of the UCYN-A3 sublineage in oligotrophic waters. Furthermore, distinct assemblages of UCYN-A oligotypes were found in oligotrophic and coastally-influenced waters. This unique dataset provides a framework for determining the environmental controls on UCYN-A distributions and the ecological importance of the different sublineages. Primary productivity in vast regions of the global ocean is limited by the availability of nitrogen (N) (Gruber and Sarmiento 1997, Karl et al. 1997). Organisms that are capable of fixing dinitrogen (N 2 ) gas into reduced N, termed diazotrophs, play a critical role in providing new N to oligotrophic oceanic regions. In sunlit surface waters of the marine environment, a diverse assemblage of cyanobacteria that carry out N 2 fixation include Trichodesmium spp., diatomassociated Richelia strains, and unicellular cyanobacteria such as Crocosphaera spp., Cyanothece spp., and the uncultivated unicellular cyanobacterial group A (UCYN-A) (see review by Zehr 2011). Originally described from partial nifH fragments amplified from the North Pacific (Zehr et al. 1998) , UCYN-A has now been detected in all ocean basins and is known to be an important contributor to N 2 fixation in some regions of the North Pacific Subtropical Gyre (Church et al. 2009), and the eastern basin of the Tropical North Atlantic (Montoya et al. 2004 , Goebel et al. 2010 , Turk et al. 2011 , Martinez-Perez et al. 2016 ).
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Bentzon- Tilia et al. 2015 , Messer, Doubell et al. 2015 , Messer, Mahaffey et al. 2015 , Turk-Kubo et al. 2015 , Xiao et al. 2015 , Doblin et al. 2016 , Farnelid et al. 2016 . The greater depth of sequence coverage in these studies, compared to traditional clone libraries, may have favored its recovery in unexpected environments such as the Danish Strait (Bentzon-Tilia et al. 2015) and an inverse hypersaline estuary in the South Australian Bight (Messer, Doubell et al. 2015) .
Although originally thought to be an organism with low genetic diversity (Tripp et al. 2010) , the UCYN-A lineage is now known to be comprised of at least four main sublineages, UCYN-A1, UCYN-A2, UCYN-A3, and UCYN-A4, as defined using nitrogenase (nifH) phylogeny of nucleotide sequences (Thompson et al. 2014 , Farnelid et al. 2016 . Sublineages of marine microorganisms may occupy different ecological niches and their functions may be shaped by environmental factors (Prochlorococcus for example; Kent et al. 2016) ; however, our understanding of the distribution of these UCYN-A sublineages is limited. UCYN-A1 and UCYN-A2 both have greatly reduced genomes and live symbiotically with genetically distinct prymnesiophyte hosts (Tripp et al. 2010 , Thompson et al. 2012 , Bombar et al. 2014 , Thompson et al. 2014 . However, very little is known about the UCYN-A3 and UCYN-A4 sublineages beyond where their nifH gene sequences have been identified, but there is evidence that all four sublineages may be widely distributed throughout the global oceans (Farnelid et al. 2016) . The presence of these sublineages has been overlooked partially due to rare recovery of UCYN-A nifH sequences in marine diazotroph diversity studies and the high similarity between all sublineages in amino acid sequences of the highly conserved nifH gene (Thompson et al. 2014) . interesting marine symbioses including the identity of host cells for UCYN-A3 and UCYN-A4 sublineages, the fidelity of host-symbiont associations, and whether additional sublineages are yet to be discovered and described.
Recent advances in next generation sequencing have provided access to unprecedented amounts of sequence data from the ocean ecosystem. The availability of complete UCYN-A1 and nearly complete UCYN-A2 genomes have greatly advanced our ability to visualize this association and to detect UCYN-A in metagenomes and metatranscriptomes (Cabello et al. 2016 , CornejoCastillo et al. 2016 , as well as 16S rRNA amplicon libraries (Martinez-Perez et al. 2016 ). Nearly full UCYN-A1 and UCYN-A2 genomes have now been assembled from metagenomes obtained from the South Atlantic as part of the recent TARA oceans expedition (Cornejo-Castillo et al. 2016 ). Furthermore, Cornejo-Castillo et al. (2016) detected the active transcription of several key metabolic genes, including nifH, in both sublineages. Recent observations of differences in morphologies (Zehr 2015 , Cornejo-Castillo et al. 2016 ) and cell-specific N 2 fixation rates for the UCYN-A1 and UCYN-A2 sublineages (Martinez-Perez et al. 2016) suggests that different sublineages likely have different impacts on nutrient cycling in the marine environment. Despite these advances, the presence and activity of additional sublineages will remain difficult to detect until genomes from other sublineages are available, due to the low relative abundances of these organisms in a complex microbial ecosystem. Therefore, even with increasing amounts of data available from next generation sequencing studies of nitrogenase diversity, the emerging picture of sublineage biogeography remains patchy. It can be challenging to reveal ecologically significant patterns in genera of marine microorganisms that appear similar (or even indistinguishable) using conventional molecular markers (Crocosphaera for example; Bench et al. 2013 , Bench et al. 2016 ). An emerging approach, oligotyping, provides an alternative to defining operational taxonomic units based on clustering or phylogenetic analyses by defining "oligotypes", highly refined taxonomic units based on nucleotide positions with high variability, or Shannon entropy (Eren et al. 2013 ). This approach has proven informative at distinguishing potential ecotypes of closely related organisms, such as SAR11 (Eren et al. 2013 ) and revealing differential responses of Prochlorococcus and Synechococcus oligotypes to nutrient amendments (Shilova et al. submitted) , based on 16S rRNA gene fragments. This is a promising method for investigating UCYN-A diversity considering that differences between sublineages are defined by variability in the wobble positions along their nifH gene sequences (Thompson et al. 2014 ).
In order to investigate the diversity, distribution and ecological significance of UCYN-A sublineages, we defined UCYN-A oligotypes after generating a large dataset of UCYN-A nifH gene fragments (hereafter referred to as the UCYN-A nifH amplicon dataset). We selected samples from the North and South Atlantic, the North and South Pacific, and the Danish Strait (Table 1) to be screened for the presence of UCYN-A. DNA was extracted using a DNeasy-based protocol described in detail by (Moisander et al. 2008) . DNA extracts from the Danish Strait and Sargasso Sea were obtained using protocols described in Bentzon-Tilia et al. (2015) and Farnelid et al. (2011) , respectively. We used a nested PCR approach with the first amplification using universal nifH primers nifH3/nifH4 (Zehr and Turner 2001) . The second amplification used UCYN-A-specific nifH primers with 5' common sequence linkers univ_UCYN-A_F_CS1 (5'-6   139   140   141   142   143   144   145   146   147   148   149   150   151   152   153   154   155   156   157   158   159   160   161   11  12   ACA CTG ACG ACA TGG TTC TAC AAG TTT GCA YTG TAA AGC ACA -3') and   univ_UCYN-A_R_CS2 (5'-TAC GGT AGC AGA GAC TTG GTC TTC CTT CAC GGA TAG GCA TAG -3'). Reaction conditions and thermocycling parameters are described in Supporting Information Appendix S1. Universal UCYN-A nifH primers were designed to target all known UCYN-A sequences deposited to NCBI's Genbank nr/nt database as of March 2015 using Primer 3 (Untergasser et al. 2012) . UCYN-A nifH fragments were amplified from 78 samples (from a total of 369 samples screened; Figure 1 ). Libraries were prepared using the dual PCR approach (Green et al. 2015) and sequenced using Illumina MiSeq technology at the DNA Service Facility at the University of Chicago, Illinois.
A total number of 3,078,383 raw paired-end UCYN-A nifH reads were obtained. Raw sequence files are archived at NCBI's Sequence Read Archives (SRA) under BioSample Accession numbers SAMN05776250-SAMN05776327. Read counts per sample had high variability, ranging from 22-104,445, presumably reflecting the number of UCYN-A nifH gene copies present in each sample. Raw sequences were merged using Paired-End reAd mergeR (PEAR) software (Zhang et al. 2014) . Scripts from the Quantitative Insights into Microbial Ecology (QIIME) pipeline (Caporaso, Kuczynski et al. 2010 ) were used to filter raw sequences for quality, remove chimeric sequences (UCHIME; Edgar et al. 2011) , and to determine unique sequences using usearch 6.1 (Edgar 2010). If a sequence was recovered more than 10 times, its representative sequence was imported into ARB (Ludwig et al. 2004) , where poor quality (e.g. containing stop codons) and non-nifH sequences were removed. Sequences that passed all quality filtering steps (2,044,530 out of 3,078,383) had primer regions trimmed in Galaxy (Afgan et al. 2016) , were aligned to a reference alignment available for UCYN-A sequences in a curated Shannon entropy analysis and oligotyping were performed using the oligotyping pipeline version 2.2 described by Eren et al. (2013) , and 13 positions were selected to define UCYN-A oligotypes. Positions with greatest entropy were exclusively wobble bases. Oligotyping analysis was carried out using arguments that; 1) identified thirteen positions with greatest entropy (-c 102, 93, 75, 99, 78, 192, 48, 213, 231, 147, 42, 150, 210 ; Supporting Information Fig. S1 ); 2) allowed for a given oligotype to be present in only one sample (-s 1); 3) required that a given oligotype be present at a relative abundance of at least 0.1% in one sample (-a 0.1); and 4) required that the most abundant unique sequence defining an oligotype had a sequence count > 100 across the whole dataset (-M 100). This analysis defined 44 unique oligotypes, which represented 99.67% of the sequences submitted for analysis, with a total purity score of 0.87. All but one oligotype, oligo7, met the criteria of "convergence" (Eren et al. 2013 ).
Maximum likelihood trees of representative sequences for each oligotype were calculated in MEGA 6 (Tamura et al. 2013 ) based on the Tamura-Nei model, and node supports were determined with 1000 bootstrap replicates. Of the 44 oligotypes, 17 had 100% nucleotide similarity to sequences submitted to NCBI's Genbank database (See sequences with asterisks (*) in Fig. 2 ). UCYN-A oligotype distribution data was analyzed and visualized using the R package distributed across 64 samples). Ecological distances between samples was determined using Jaccard and Bray-Curtis ecological indices on both subsampled data and subsampled data rarefied to equal sampling depth. Principal coordinate analysis (PCoA) was performed on the resulting distance matrices, to visualize the dissimilarity between samples and UCYN-A sublineages.
UCYN-A nifH sequences from prior studies, compiled as part of a recent review by (Farnelid et al. 2016) , were used to explore how well defined oligotypes described the diversity in an independent dataset. This dataset, hereafter referred to as the NGS dataset, was prepared for oligotyping and analyzed in Phyloseq as described above.
The UCYN-A nifH amplicon dataset was primarily comprised of four major oligotypes -oligo1, oligo2, oligo3, and oligo4 -which together accounted for 95.9% of all sequences recovered. The remainder of the dataset was comprised of minor oligotypes, oligo5-oligo44, present at low relative abundances across the dataset. Oligo1, which includes the UCYN-A1 genome-derived nifH sequence , Tripp et al. 2010 , dominated the UCYN-A nifH amplicon dataset (Fig. 2) . In 63 out of the 78 total samples analyzed, oligo1 accounted for over 70% of the sequences recovered (Fig. 3a , Supporting Information Table S1 ). A majority (19/40) of the minor oligotypes were also phylogenetically affiliated with UCYN-A1 (Fig. 2) . The wide distribution of the UCYN-A1 sublineage has been well documented. Its early recovery in clone library-based studies (Zehr et al. 1998 , Langlois et al. 2005 , and can sometimes be as high as 10 7 nifH copies L -1 (Mulholland et al. 2012 ).
The second most abundant oligotype, oligo2, which differs from oligo1 in 10 of the 13 entropy positions (See Supporting Information Fig. S1 ), clusters with the UCYN-A3 sublineage defined by Thompson et al. (2014) . Oligo2 was found widely distributed in 55 of the 78 samples analyzed, but was recovered in much lower relative abundances than oligo1; on average, oligo2 comprised 7.4%  11.0% of the relative abundances across the dataset, while oligo1 comprised 78.6%  29.3%. In the North Pacific Eddy samples, oligo2 had higher relative abundances at mid depths in the water column (30-70 m), and the UCYN-A nifH amplicon dataset was dominated by surface samples (0-25 m). Hence, if this oligotype resides deeper in the water column, relative abundances in this dataset may be underestimated. The highest relative abundances for oligo2 were consistently found in Sargasso Sea samples, accounting for between 22%-57% of the sequences, but sequence recovery from these samples was generally low (Supporting Information Table S1 ). A total of 7 of the defined oligotypes are phylogenetically affiliated to UCYN-A3 (Fig. 2) . Very little is known about the UCYN-A3 sublineage, but nifH sequences have been sporadically reported from different regions, including the Tropical North Atlantic (Wheeler, direct submission to Genbank), the South Pacific gyre (Halm et al. 2012) , the Western South Pacific (Messer, Mahaffey et al. 2015) and the South Australian Bight (Messer, Doubell et al. 2015) . Oligo3 includes the nifH sequence derived from the UCYN-A2 genome (Bombar et al. 2014) and is the third most abundant oligotype. Oligo3 differs from oligo1 in 8 of the 13 entropy positions (See Supporting Information Fig. S1 ). It was detected in 24 out of 78 samples at relative abundances >0.1%, and the few samples that were dominated by oligo3 (>50% relative abundance) were exclusively found in coastally-influenced waters in the Danish Strait and California Current System (CCS; Fig. 3 ; Supporting Information Table S1 ). It has been speculated that the UCYN-A2 sublineage may be a coastally adapted strain (Thompson et al. 2014 , Messer, Doubell et al. 2015 . However, there have been recent reports that UCYN-A2 is globally distributed and may play a major role in N cycling in both oligotrophic regions and in temperate, high latitude waters (Cabello et al. 2016 , Martinez-Perez et al. 2016 . Findings from our study do not directly contradict Cabello et al. (2016) Oligo4, the fourth most abundant oligotype, differs from oligo1 in 8 out of 13 entropy positions, clusters with the newly defined UCYN-A4 sublineage (Farnelid et al. 2016) , and is one of only two oligotypes associated with this sublineage (Fig. 2) . Oligo4 was mainly found in the Danish Strait, at relative abundances as high as 83%. Relative abundances were highest in 0.2-10 m size fraction samples, but sequences were also found in the 10 m size fraction. Oligo4 was also found at relative abundances >0.1% in one other sample, Station ALOHA (NP.ALOHA.5.2.HOT5m241), and sequences within the UCYN-A4 sublineage have been reported in the coastal Japan Sea (Accession numbers LC013598, LC013602, LC013603, LC013607; Shiozaki et al. 2015) .
The two minor UCYN-A1 oligotypes which are found at high relative abundances in different ocean regions, each differ from the dominant UCYN-A1 oligotype by single entropy positions.
One of these minor oligotypes, oligo5, is 100% similar to sequences that have been deposited in Genbank (KF546346.1, KC013065.1, EU187536.1). Oligo5 sequences were present in middepth (35-75 m) samples at high relative abundances (up to 25%) at a station situated in an anticyclonic eddy in the North Pacific Subtropical Gyre (NPSG) (NPacEddy.74 samples; Fig. 3A and Supporting Information Table S1 ). It was also recovered at much lower relative abundances in other NPSG samples taken at Station ALOHA as well as samples from the Coral Sea (Fig. 3A and Supporting Information Table S1 ). In contrast, a second minor oligotype, oligo6, was present only in four stations in the South Atlantic at high relative abundances (up to ca. 15%; region) was revealed using the oligotyping approach (Eren et al. 2013) , and with a higher resolution dataset (temporally and/or spatially) changes in UCYN-A oligotypes may reveal similar relationships to environmental parameters.
To evaluate how well the defined oligotypes describe known UCYN-A diversity, the same 13 entropy positions were used to define UCYN-A oligotypes from the NGS dataset (Farnelid et al. 2016 ) containing nifH amplicons from the South Australian Bight (Messer, Doubell et al. 2015) , the Arufura and Coral Seas (Messer, Mahaffey et al. 2015) , the Danish Strait (Bentzon-Tilia et al. A clear distinction between UCYN-A populations found in coastally-influenced and oligotrophic regions was revealed based on PCoA on the ecological distance between samples from the UCYN-A nifH amplicon dataset. This was observed using both unweighted (Jaccard) and weighted (Bray-Curtis) ecological indices, in all coordinate axes, and using both subsampled data as well as data rarefied to equal sampling depth ( Fig. 4A and Supporting Information Fig.   S3A ). This pattern appears to be driven by a consistent co-occurrence of UCYN-A1 and UCYN-A3 in all oligotrophic samples compared to an occurrence of UCYN-A2, sometimes in the presence of UCYN-A4, in coastally-influenced samples ( Fig. 4B and Supporting Information Fig. S3B ). Ordination analysis on the NGS dataset also supports co-occurrence of UCYN-A1 with UCYN-A3, as well as the clustering of coastal and oligotrophic samples (Fig. 4D) . In this dataset, however, co-occurrence of both UCYN-A1 (oligo1) and UCYN-A2 (oligo3 and oligo43) oligotypes in the Noumea Lagoon samples is clearly seen. This is the first report of the widespread distribution of the UCYN-A3 sublineage, as well as its co-occurrence with UCYN-A1. These findings indicate that this sublineage lives in an environment now known to be favorable to unicellular diazotrophs, the warm (>20 Supporting Information Fig. S4 , and Supporting Information Appendix S2). However, it may be misleading to infer the potential contribution to N 2 fixation rates based on nifH-based abundances alone for these symbiotic diazotrophs. An alternate sublineage, currently assumed to be UCYN-A2, fixes N 2 at much higher cell-specific rates than UCYN-A1 in the North Atlantic whether the observed UCYN-A diversity in these regions results from mixing oligotrophic and coastal waters. Indeed, it has been suggested that diazotrophs can be transported on currents for large distances while remaining active (Shiozaki et al. 2013 ).
The results do, however, strongly suggest that the UCYN-A2 sublineage may be more commonly found in coastally-influenced ecosystems. The dominant UCYN-A2 oligotype, oligo3, was found at high relative abundances in geographically distant temperate environments, in the brackish waters of the Danish Strait (DS.GB samples), the CCS transition zone (CCS.6.53198, CCS.7.53199) and in the elevated salinity waters of the Spencer Gulf (Messer, Doubell et al. 2015) . The UCYN-A2/B. bigelowii association found year-round at the SIO pier is known to be larger than the UCYN-A1 association described in the NPSG (5-10 m and 2-3 m, No UCYN-A sequences were recovered from the Eastern Tropical South Pacific (ETSP), a region where discrepancies between N 2 fixation rates and diazotroph abundances led to the speculation that cyanobacterial phylotypes, like UCYN-A, could be difficult to detect (TurkKubo et al. 2014) . It is unlikely that the paradox of N 2 fixation in this region can be attributed to undetected UCYN-A sublineages. However, the targeted UCYN-A nifH PCR assay described in this study has the promise to help identify regions where UCYN-A sublineages have been overlooked using qPCR and metagenomics/metatranscriptomics. distinct, sample-specific differences in sublineage distributions were discovered. Furthermore, the presence of oligotypes not affiliated with defined UCYN-A lineages also hints to a greater diversity yet to be discovered.
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